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FIG. 5. Comparison of the DNA-binding ability of individually
translated wild-type and mutant EBNA-1 polypeptides. (A) Se-
quence of the oligomer 20 probe. The symmetric core EBNA-1-
binding site is boxed. (B) Mobility shift assays using oligomer 20 as
the probe.

TABLE 1. Summary of dimerization and DNA-binding
characteristics of EBNA-1 polypeptidesa

DNA binding
EBNA-1 polypeptide Dimeri-

zation Consensus Recognition
site" characteristic

408-641 + + Wild type
468-641 + -
467VD + + Site discrimination
467VDA469-73 + -
467VDA469-73,478V + -
479SR + + Wild-type pattern
477A-SR + + Site discrimination
479SRA481-5 + -
479SRA481-520 - -
485D + + High-affinity sites
488R + + Wild-type pattern
A489-93 + + High-affinity sites
490P + + Wild-type pattern
499SR + +
499SRA501-520 - -

499SRA501-7 - -

499SR505HSR - -
499SRSVAPSSS - -

511VY + + High-affinity sites
513A + + Wild-type pattern
517AAASS
521S + +
A525-32 - -
A537-53 + -
555SR + +
555SRA557-64 - -
555SRA557-75 _ _
576SR + +
574DDSR - -
576SRA578-616 - -
A599-614,615SR + + Heterodimer binds

a Data from Fig. 1 and 3 to 6.
b Binding to oligomer 20.

among the intermediate-affinity oligomer probes. It bound
oligomers 33 and 104 equally as well as the group II mutants
but bound 96 more weakly and failed to bind oligomer 71.
Surprisingly, 477A-SR appeared to show weak binding to
oligomer 36, which was not bound under these conditions
even by the wild-type protein. We classified 477A-SR as a
group IV mutant. The mutation in 477A-SR that is contrib-
uting to its binding phenotype is clearly the lysine-to-alanine
change at position 477. Binding of the protein carrying only
the SR mutation, 479SR, is shown alongside 477A-SR in Fig.
6, and its binding properties are indistinguishable from those
of wild-type EBNA-1(408-641).
We next compared the binding pattern of another DNA

binding domain point mutant, 467VD, with that of two of the
group III mutants and the group IV mutant 477A-SR (Fig. 7).
The group III mutants, 485D and 511VY, again bound to the
high-affinity oligomers 20 and 74, showed reduced binding to
the high-intermediate-affinity oligomer 102, and did not bind
to any of the other oligomers. Interestingly, the mutant
467VD, like 477A-SR, discriminated among the different
intermediate-affinity oligomers. It bound strongly to oligo-
mers 73 and 96 and weakly to oligomer 33, 71, and 197, and
it did not bind to oligomer 104. Although 477A-SR and
467VD shared this group IV binding behavior, their binding
affinities for the individual mutant oligomers were strikingly
different. Mutant 467VD bound to oligomer 96 much more
strongly than did 477A-SR and was able to bind to oligomer
71, which was not bound by 477A-SR. On the other hand,

477A-SR bound strongly to oligomers 33 and 104, which
were bound only weakly or not at all by 467VD. A summary
of the different binding patterns exhibited by the dimeriza-
tion-positive EBNA-1 mutants is given in Table 2.
The mobility shift assays using individually translated

mutant EBNA-1 polypeptides and mutant oligomer-binding
sites provided important additional evidence to support the
conclusion that the DNA domain of EBNA-1 is located
between aa 459 and 487. Furthermore, the unique binding
patterns demonstrated by 467VD and 477A-SR strongly
implicate aa 467, 468, and 477 as being directly involved in
DNA recognition.

DISCUSSION

EBNA-1 is essential for replication of the latent episomal
form of the Epstein-Barr virus genome and is one of several
proteins involved in the regulation of transcription from the
latency C and F promoters. Further, EBNA-1 is the only
viral protein expressed in the tumor cells of Epstein-Barr
virus-positive Burkitt's lymphoma (27). This observation
raises the possibility that EBNA-1 may contribute to the
tumorigenic phenotype of these cells. The exact mechanism
by which EBNA-1 performs any of its biological functions is
incompletely understood. EBNA-1 does not possess any of
the enzymatic activities associated with replication proteins
such as simian virus 40 T antigen (1, 7, 20), and a specific
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FIG. 6. Differential binding of individually translated wild-type
and mutant EBNA-1 polypeptides to oligomer-binding sites carrying
symmetric base substitutions. DNA binding was assessed by mobil-
ity shift assays. To facilitate comparison, only the upper, shifted
DNA bands are presented. The core sequences of the mutant 30-mer
probes are shown, with the altered bases in bold type and under-
lined. The oligomer numbers are those used in a previous study (2).
An equal amount of EBNA-1 protein was used in each binding
reaction as judged by SDS-PAGE analysis of the radiolabeled
polypeptides.

transcriptional activation domain has not been documented.
One property that is clearly an integral part of both its
replication and transcriptional regulatory functions is the
ability to bind specifically to consensus sequences within
oniP and at the Q locus downstream of the latency F
promoter (2, 15, 24). Proteins lacking an intact DNA binding
domain are incapable of supporting either transactivation or
replication functions (22, 40).
EBNA-1 binds to a 16-bp palindromic recognition se-

quence as a dimer (1, 8). An earlier analysis of an amino- and
carboxy-terminal deletion series located both DNA binding
and dimerization functions within the region between aa 459
and 607 (1). The availability of the EBNA.OTlx monoclonal
antibody and the determination of its epitope location pro-
vided us with an opportunity to use heterodimerization-
immunoprecipitation as a primary assay to examine dimer-
ization ability. Confirmatory evidence for dimerization was
also obtained in the electrophoretic mobility shift assays
using cotranslated EBNA(459-641) and the constructions
spanning aa 408 to 641 (Fig. 4). The presence of intermediate
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FIG. 7. Comparison of binding of group II (485D and 511VY) and
group IV (477A-SR and 467VD) polypeptides to mutant oligomer
probes. Mobility shift assays were performed as described in the
legend to Fig. 6. Only the upper, shifted DNA bands are presented.

mobility complexes in these assays is indicative of het-
erodimer formation. For those mutants that were DNA-
binding negative, dimerization was confirmed by glutaralde-
hyde cross-linking (data not shown). When applied to a
series of mutant EBNA-1 polypeptides, these approaches
led to the identification of two segments, aa 501 to 532 and aa
554 to 598, that contained motifs required for dimerization.
Mobility shift assays performed with this same series of
EBNA-1 mutants identified components of a DNA binding
domain between aa 459 and 487, upstream of the dimeriza-
tion domains. The relative positioning and structures of
these domains do not obviously conform to those of any
previously defined families of DNA-binding proteins, such
as the helix-turn-helix, helix-loop-helix, basic, coiled:coil, or
zinc finger proteins (3, 4, 10, 11, 16, 17, 19).
The results of previous protease digestion experiments

showed that the entire segment spanning aa 459 to 607 of the
polypeptide adopts a highly ordered, protease-resistant
structure when EBNA-1 is bound to DNA (32). This obser-
vation is relevant to an understanding of the data obtained
with the mutant EBNA-1 polypeptides because the proper-
ties of a number of them may result from the introduction of
constraints on polypeptide structure. For example, muta-
tions in the region from either aa 501 to 532 or aa 554 to 598
destroyed dimerization. Both domains may directly partici-
pate in dimerization, or one of these regions may be required
to establish a conformation that allows the dimerization
motifs located in the other domain to interact. The glycine-
proline-rich segment between aa 537 and 553 was specifically
susceptible to cleavage with high levels of protease (32),
suggesting that this segment of the DNA-bound protein may
be exposed or have a less-ordered conformation. The A537-
553 variant was not capable of homodimerization in cross-
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TABLE 2. Relative binding of dimerization-positive EBNA-1 polypeptides to mutant oligomers

Binding to oligomer no.a
EBNA-1 polypeptide

20 74 102 73 96 33 104 71 197 196 36

Wild type EBNA-1(408-641) ++++ ++++ ++++ ++++ +++ +++ +++ +++ ++ + -

Group I
467VDA469-73 - - - - - -
479SRA481-5 - -
A537-53 - - _ _ _ _

Group II
479SR ++++ ++++ +++ +++ +++ +++
488R ++++ ++++ +++ +++ +++ +++
490P ++++ ++++ +++ +++ +++ +++

Group III
485D +++ +++ + - - - - - - - -

A489-93 +++ +++ _ _ _ _
511VY +++ +++ ++ - - - - - - - -

Group IV
467VD ++++ ++++ ++++ ++++ +++ + - + +/2 - -
477A-SR ++++ ++++ ++ ++ + +++ +++ - - - +/2
a +++ , + + ++ +, and +/2 indicate relative (high to low) levels of EBNA-1 binding; - indicates no binding; combinations showing neither + nor -

symbols were not tested.

linking experiments (32) but was able to dimerize with a between aa 459 and 487 (Fig. 8). Further, two of the group III
wild-type aa-408-to-641 polypeptide in both coprecipitation mutants were located adjacent to the right-hand boundary of
assays (Fig. 1) and cross-linking experiments (data not this domain. The leucine-to-aspartate change at aa 485 and
shown). This deletion variant was the single example of a the aa 489 to 493 deletion bound only as heterodimers when
dimerization-positive, DNA-binding-negative mutant that cotranslated with wild-type EBNA-1(459-641), and although
mapped outside of the region of EBNA-1 from aa 459 to 487. they bound normally to wild-type probe when individually
In view of its protease susceptibility, it seems unlikely that translated, they failed to bind to any of the intermediate-
the aa 537 to 553 region contributes directly to DNA binding. affinity mutant probes. The loss of binding to these latter
The lack of DNA-binding ability may be a reflection of the probes was unrelated to the position of the mutated nucle-
destabilization in dimerization function that is apparent from otide within the binding site and hence is unlikely to involve
the inability of this polypeptide to form homodimers. Prece- direct DNA contacts. Leucine 485 and aa 489 to 493 may be
dence for such a phenotype comes from studies of E47 in contributing to a conformation that favors DNA interactions
which a variant that could form heterodimers but not ho- with the recognition amino acids. Protease digestion exper-
modimers also lacked DNA-binding ability in the het- iments indicated that the region spanning aa 459-607 under-
erodimer form (37). Dimerization structures involving both goes a conformational change on binding (32). This struc-
a-helical (6, 10, 23, 30) and n-sheet (12) interactions have tural rearrangement may be essential to maximize contacts
been described. There are predicted n-sheet structures between the polypeptide and DNA interfaces. If the group
within both of the EBNA-1 dimerization segments and a III mutations interfere with the ability to make this confor-predicted a helix in the second aa 554-598 region (Fig. 8). mational change, then the DNA contacts made by theseThe loss of DNA binding demonstrated by three of the polypeptides might be sufficiently destabilized that binding
deletion mutants served to locate a DNA recognition domain could occur only to high-affinity-binding sites. The other

group III mutant, 511VY, lies 18 aa downstream and con-
verts two glycine residues to hydrophobic valine and ty-

EBNA-1 I- -sis DNA bindn 641 rosine residues. It should be noted that polypeptides con-
taining other nonconservative amino acid mutations in the
same vicinity, namely leucine 488 to arginine and alanine 490

45900to proline bind the mutant oligomers indistinguishably from
Predicted Structure - - -- - the wild-type polypeptide.
Dimerizaion

a

The behavior of the group IV mutants is also particularly
DNA Binding 501 S32 554 598 interesting because it implies that these particular amino

I59 487 acids may be involved directly in DNA recognition. Conver-
RKKGGWFGKHRGQGGSNPKFENIAEGLRA sion of aa 467 and 468 from lysine and histidine to valine and

FIG. 8. Location of the dimerization and DNA-binding domains aspartate (467VD) and aa 477 from lysine to alanine (477A-FIG. 8...Loato of th.ieiainad N-idnoan SR) resulted in EBNA-1 polypeptides that were able to
of EBNA-1. The predicted secondary structure (5) of the region . . . . .,
spanning aa 459 to 607 is shown. The amino acid sequence of the discriminate between different intermediate-affinity DNA
DNA recognition domain is also provided along with the positions of probes. A comparison of relative binding showed that while
the deletions that abolish DNA binding (stippled bars) and the 467VD bound to the majority of the mutant oligomers with a
substitutions that affect DNA recognition (*). higher affinity than 477A-SR (Fig. 7; Table 2), there were two
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notable exceptions; oligomers 33 and 104, which have mu-
tations at position 8 and at positions 1 and 2, respectively.
An examination of the binding of 477A-SR (Fig. 6; Table 2)
showed that this polypeptide, which bound as well as the
wild-type protein to oligomers 33 and 104, bound only
weakly to oligomer 96 and did not bind at all to oligomer 71.
Oligomer 96 carries a nucleotide change at position 5 of the
binding site, and oligomer 71 is altered at position 6. Fur-
thermore, the aa-477 mutant was able to bind, albeit weakly,
to an oligomer (no. 36) carrying a mutation at position 5 that
was not bound by the wild-type protein. EBNA-1-binding
site recognition is most likely mediated by a combination of
contacts with bases in the major groove (2, 18) and contacts
with the phosphate backbone. The contribution to recogni-
tion of the lysine and histidine at aa 467 and 468 and the
lysine at aa 477 can only be speculated upon at this time. The
most deleterious changes for binding of 467VD were located
at disparate positions in the binding site, positions 1, 2, and
8, and the interactions involving these amino acids would
appear to be complex. Because the mutations that most
strongly affected binding of 477A-SR were each located at
nucleotide 5 or 6 of the binding site, the contacts made by
lysine-477 may therefore involve these positions.
A large number of DNA-binding proteins utilize a DNA

recognition motif that is an alpha helix. The E2 transcrip-
tional regulator of papillomavirus and the GCN4 bZIP pro-
tein contain such a motif (6, 12) as do the helix-turn-helix
proteins. Examples of this latter group include many of the
prokaryotic transcriptional regulatory proteins and the eu-
karyotic homeodomain proteins (reviewed in references 8
and 11). On the other hand, both the yeast met repressor and
the TFIID TATA-box binding protein utilize anti-parallel 13
strands or 1 ribbons as the DNA recognition motif (21, 34).
The EBNA-1 DNA binding domain identified in this study
overlaps with a predicted a helix, but the exact nature of the
EBNA-1 DNA recognition motif remains to be elucidated.
The bHLH group of proteins contain a basic DNA recog-

nition domain and an adjacent dimerization domain consist-
ing of two amphipathic alpha helices separated by a variable
loop that is 9 to 13 aa in length (4, 10, 37). Comparison of
proteins within this group has identified a consensus se-
quence for the bHLH motif (4). Using computer analysis,
Inoue et al. (13) matched this consensus to a region of
EBNA-1 between aa 465 and 587 and suggested on the basis
of this amino acid alignment that EBNA-1 might belong to
the bHLH class. The degree of match to the bHLH consen-
sus was intriguing but imperfect. The proposed basic region
of EBNA-1 contained a three of six match to the bHLH
consensus, and the matches for helix 1 and helix 2 were three
of six and five of eight, respectively, while the loop region
would contain an extended 83 aa. The behavior of a number
of the EBNA-1 variants does not appear to be compatible
with the bHLH model. This is particularly true of the
EBNA-1 mutants in the region (aa 477 to 493) of predicted
helix 1. Deletion of five aa (aa 481 to 485) from the center of
the helix removes two of the consensus hydrophobic resi-
dues and destroys the 4:3:4 hydrophobic pattern which
would create the hydrophobic interface between the pre-
dicted alpha helices. Nonetheless, the A481-485 mutant was
dimerization competent. We converted two of the consensus
hydrophobic residues to charged residues (Leu-485 to Asp
and Leu-488 to Arg). Mutation of the equivalent residues in
the bHLH protein E47 from hydrophobic to charged abol-
ished dimerization of E47 (37), but these mutations had no
effect on dimerization of EBNA-1. We also introduced a
helix-breaking proline residue into the predicted helix 1 at aa

490 and found that this mutation had no effect on dimeriza-
tion. Further, mutations in the loop region of a bHLH
protein have been shown not to affect dimerization (37),
whereas two separate grouped mutations (499SR505HSR
and 517AAASS) in the predicted loop of EBNA-1 each
abolished dimerization. The DNA recognition region
mapped in our experiments, aa 459 to 487, does in fact
overlap with the basic domain predicted by the sequence
comparison, and the second dimerization domain, aa 554 to
598, overlaps with the predicted helix 2. However, the
experimental data is not compatible with a dimerization
domain being located in the region of predicted helix 1. Since
the spacing between the basic DNA-binding domain and the
first helix of the dimerization domain is constant in bHLH
proteins, this finding would argue against the inclusion of
EBNA-1 within this protein family. The partial amino acid
match to the bHLH consensus within the EBNA-1 DNA
recognition domain and the second dimerization domain may
represent convergent evolutionary selection of particular
amino acid combinations that favor the type of interactions
involved in DNA binding and protein-protein contacts.
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